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Abstract
In this paper, we explore the possibility of constructing the quantum
chromodynamics of a massive color-octet vector field without introducing
higher structures like extended gauge symmetries, extra dimensions or
scalar fields. We show that gauge invariance is not enough to constraint
the couplings. Nevertheless the requirement of unitarity fixes the values
of the coupling constants, which otherwise would be arbitrary. Addition-
ally, it opens a new discrete symmetry which makes the coloron stable
and avoid its resonant production at a collider. On the other hand, a ju-
dicious definition of the gauge fixing terms modifies the propagator of the
massive field making it well-behaved in the ultra-violet limit. The rela-
tion between our model and the more general approach based on extended
gauge symmetries is also discussed.
1 Introduction
Many extensions of the Standard Model, such as non-minimal Technicolor [1,
2, 4, 5, 3], Extra-dimensions [6] , Top-color [7, 8] and Chiral-color [9, 10, 11,
12] , predict the existence of massive color-octet spin-1 particles which we will
collectively call “colorons”. In principle, it is expected that, if a coloron exists in
the appropriated mass range, it should be copiously produced at hadron colliders
such as the Tevatron or the LHC [5, 13]. Indeed, some renewed interest on
this kind of particles has arisen [14, 15] because some sort of color-octet spin-
1 resonance may be the origin of the large tt¯ forward-backward asymmetry
measured by CDF [16, 17] and D0 [18].
From the phenomenological point of view, it is convenient, given the large
variety of models predicting colorons, to find an effective model-independent
description which can grasp their essential features. This is the origin, for ex-
ample, of the deconstruction idea [19, 20]: the initial intension was to describe
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the Kaluza-Klein excitations of the gluon independently of the details of the
underlying extra-dimensional theory. A similar problem, but in the context of
non-minimal Technicolor, motivated another effective description [3, 5] based
on the observed low-energy symmetries. This phenomenological analysis pro-
duced two important results: it was shown that the s-channel production of a
single coloron is plagued by theoretical uncertainties [5] and it was argued that
the coloron pair production would be almost model-independent [5, 13], being
determined exclusively by QCD gauge invariance.
Interestingly, when one tries to make the quantum chromodynamics of a
coloron, one finds that there are at least two different, although gauge equiva-
lent, formulations [3, 21]. Both of them lead to theories with a bad ultraviolet
behavior due to the presence of the massive spin-1 field. This is a quite frustrat-
ing situation because we know how to construct consistent and renormalizable
quantum field theories with scalars or fermions (massive or not) as matter fields
but things seem to be very different when a massive spin-1 field is considered.
In this work, we revisit the construction of a gauge theory for the coloron
and we examine the possibility that such a theory be consistent with renor-
malizability and unitarity without introducing neither scalar fields nor higher
structures such as extra-dimensions or extended gauge symmetries. It is im-
portant to emphasize that our aim is not to present an alternative to the well
established method of introducing colorons through the breaking down of a en-
larged gauge sector, but rather to investigate what are the minimal requirements
for a consistent coloron model only in the framework of the observed QCD gauge
symmetry. For this purpose, we organized this paper in the following way. In
section 2, we describe the construction of a general classical gauge theory with a
massive spin-one field in the adjoint representation. In section 3, we move to the
quantum version of the theory, paying special attention to the gauge fixing and
the ghost terms, and implementing the BRST symmetry. Section 4 is devoted
to study the constraints imposed by requiring that perturbative unitarity of the
S-matrix holds at tree-level. Finally, we summarize our conclusions in section
5.
2 A Gauge Theory for a Massive Vector Field
2.1 Global Symmetry
Usually, the starting point for studying the physical properties of a massive
spin-one field is the Proca Lagrangian. So, let’s consider a generalization of the
Proca theory for a non-Abelian global continuous symmetry:
L = −1
4
F aµνF
aµν +
1
2
M2V aµ V
aµ − V aµ Jaµ(+Lint) (1)
where F aµν = ∂µV
a
ν − ∂νV aµ and V aµ transforms homogeneously under the global
symmetry (Vµ → U †VµU). We have included an external source (Jaµ) which is
supposed to be a conserved current. Additionally, all the other invariant terms
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that can be constructed with Vµ and ∂µVν can be eventually included in Lint,
but they will not be relevant for the present analysis and, for simplicity, will not
be taken explicitly into account. As it is well known, the field equation obtained
from Lagrangian (1) can be written as:
∂ρF
aρν +M2V aν = Jaν (2)
and the anti-symmetry of Fµν automatically implies the Lorenz condition:
∂µV
aµ = 0 (3)
Let us recall, for completeness, that equation (3) eliminates one degree of free-
dom from Vµ. Naturally, the remaining degrees of freedom correspond to the
three polarization states of a massive spin-one particle.
Unfortunately, when a quantum theory is constructed from Lagrangian (1),
it leads to the following propagator:
∆µν =
−i
q2 −M2
(
gµν − qµqν
M2
)
(4)
which spoils the renormalizability of the theory due to the bad ultraviolet behav-
ior of the last term. Interestingly, the form of this propagator, and its ultraviolet
divergence, can be traced to the anti-symmetric structure of Fµν . So, we can
raise the reasonable question of whether an anti-symmetric Fµν is essential to
our theory, or not. In other words, is there a fundamental principle that compels
us to include ∂µVν∂µV v and ∂µVν∂νV µ in the Lagrangian with the same weight
? Certainly, the answer is negative. In gauge theory, the anti-symmetry of Fµν
is dictated by the gauge principle since its necessary to cancel the inhomoge-
neous part of the transformation of the gauge filed, but this is not the case here
because in our construction Vµ transforms homogeneously. Consequently, it is
possible to write down a more general Lagrangian:
L = −1
2
∂µV
a
ν ∂
µV av +
(1 + a)
2
∂µV
a
ν ∂
νV aµ+
1
2
M2V aµ V
aµ −V aµ Jaµ(+Lint) (5)
Of course, the Proca Lagrangian is recovered for a = 0. This time, the field
equation is:
∂2Vµ − a∂µ∂σVσ +M2Vµ = Jµ (6)
where we have dropped the group index. Differentiating (6), it follows that a
generalized Lorenz condition is satisfied:
∂µV
µ = f(x) (7)
where f(x) is a solution of the following equation:
[
a∂2 −M2] f(x) = 0 (8)
Of course, f(x) = 0 is a solution of (8) and the usual Lorenz condition can be
used.
A more important consequence, however, is the fact that the propagator
obtained from (5) can be written in following way:
∆µν =
−i
q2 −M2
(
gµν − (1 + a) qµqν
aq2 −M2
)
(9)
Notice that this new propagator has the same form of the propagator of a
massive gauge boson in the context of spontaneously broken gauge symmetries.
This modified propagator behaves adequately in the ultraviolet limit.
In the Abelian case, the theoretical construction presented so far is similar
to the one resulting from the Stueckelberg theory when the compensating scalar
field is gauged away. Indeed, equations (6) and (8) are formally equal to those
obtained from the Stueckelberg Lagrangian [22]. It is worth to recall that the
Stueckelberg formalism makes the theory of a massive photon renormalizable.
For this reason, Lagrangian (5) seems to be a good starting point in the attempt
of making a consistent theory for the coloron.
2.2 Local Symmetry
Evidently, the most direct way to turn the previous construction into a local
gauge theory is to take Lagrangian (5), replace partial derivatives by covariant
ones, include a Yang-Mills term for the gluon, include in Lint all the gauge
invariant and renormalizable terms we can form with Vµ, DµVν and Gµν (field-
strength of gluons) with arbitrary coefficients. In principle, this Lagrangian
should contain a kinetic mixing term, nevertheless, it can be removed by a simple
redefinition of the fields (see, for instance, [21]). This standard procedure leads
us to the following Lagrangian:
L = −1
2
Tr {GµνGµν} − Tr {DµVνDµV ν}+ (1 + a)Tr {DµVνDνV µ}
+a11Tr {DµVνV µV ν}+ a12Tr {DµVνV νV µ} (10)
+a21Tr {VµVνV µV ν}+ a22Tr {VµVνV νV µ}
+a3Tr {Gµν [V µ, V ν ]}+M2Tr{VνV ν}
We recall that this Lagrangian is invariant under the local gauge transfor-
mations:
Gµ → UGµU−1 − 1
g
(∂µU)U
−1
Vµ → UVµU−1
Notice that the third term in (10) includes the implementation of the Stueck-
elberg trick and, in the quantum version of the theory developed so far, the
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propagator of the coloron would be the one shown in (9). Nevertheless, the
same term modifies the GV V and the GGV V vertex (the last one is also mod-
ified by the term proportional to a3). This fact is important because it means
that it is not guaranteed that, in the general case, a massive color-octet spin-one
particle interacts with gluons with a typical QCD strength as it is commonly
believed.
At this point it is important to notice that this Lagrangian is written in a very
specific basis, which we call the physical basis, where the mass matrix is diagonal
and the massive field transforms homogeneously under gauge transformations.
Nevertheless, it will be convenient for our purposes to write Lagrangian (10) in
terms of a general basis. For this reason, we define new fields Aa
1µ and A
a
2µ, by
rotating G and V , in such a way that
Gµ =
g2√
g2
1
+ g2
2
A1µ +
g1√
g2
1
+ g2
2
A2µ (11)
Vµ =
g1√
g2
1
+ g2
2
A1µ − g2√
g2
1
+ g2
2
A2µ (12)
In these expressions g1 and g2 are constant that satisfy the constrain
g ≡ g1g2√
g2
1
+ g2
2
(13)
where g is the usual QCD coupling constant.
In terms of the new basis, the Lagrangian (10) can be re-organized as:
L = −1
2
Tr [F1µνF
µν
1
]− 1
2
Tr [F2µνF
µν
2
]
+
M2
g2
1
+ g2
2
Tr
[
(g1A1µ − g2A2µ)2
]
(14)
+
a
g2
1
+ g2
2
Tr [(g1DµA1ν − g2DµA2ν) (g1DνAµ1 − g2DνAµ2 )]
+LNM
where
Fjµν = ∂µAjν − ∂νAjµ − ig [Ajµ, Ajν ]
and
Dµ = ∂µ − i g
2
g1
[A1µ, ]− i g
2
g2
[A2µ, ]
LNM represents all the interaction terms depending on arbitrary constants.
The gauge transformation of the new fields can be easily obtained form
the transformation laws of the gluon and the massive field Vµ. The resulting
transformation law is:
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Aiµ → UAiµU−1 − 1
gi
(∂µU)U
−1 (i = 1, 2) (15)
This means that the fields Aa
1µ and A
a
2µ transform like connections. Of
course, Lagrangian (14) is invariant by construction under this gauge transfor-
mation. The important point is that now the coloron Lagrangian is written
in such a way that it formally seems a gauge theory with two connections. In
the next section we will use this fact to write the quantum version of the the-
ory and implement the BRST symmetry by applying twice the Fadeev-Popov
prescription.
3 Quantum Theory: BRST Symmetry
Strictly speaking, what we have done so far is to develop a classical theory. If we
want to quantize the theory using the path integral method, it is necessary to add
gauge fixing terms and ghost fields as dictated by the Fadeev-Popov procedure.
Fortunately, this is an easy task in the version of the model developed in the
previous section. A good starting point is Lagrangian (14). Because we have two
gauge-like fields, all we need to do is to duplicate the standard Fadeev-Popov
prescription and add to (14) the following Lagrangian:
LGF = 1
2
ξ1B
a
1
Ba
1
−Ba
1
∂µAa
1µ + c¯
a
1
∂µDab
1µc
b
+
1
2
ξ2B
a
2B
a
2 −Ba2∂µAa2µ + c¯a2∂µDab2µcb (16)
where, as usual, Ba
1
and Ba
2
are auxiliary fields, c, c¯1and c¯2 are ghost and anti-
ghost fields and ξ1 and ξ2 are gauge parameters. Additionally, we have used the
notation Djµ ≡ ∂µ − igj [Ajµ, ]. In order to avoid the introduction of kinetic
mixing terms in the physical basis (because we expect that in the basis formed
by Gµ and Vµ everything is diagonal), we chose ξ1 = ξ2 = ξ. Of course, by
construction, the whole Lagrangian (that is, (14) + (16) ) is invariant under the
BRST transformations:
δBA
a
iµ =
1
gi
Dabiµc
b (17)
δBc
a = −1
2
fabccbcc (18)
δB c¯
a
i = B
a
i (19)
δBB
a
i = 0 (20)
In the physical basis, Lagrangian (16) takes the form:
LGF = − 1
2ξ
(
∂µGaµ
)2 − 1
2ξ
(
∂µV aµ
)2
+ c¯a∂µDabµ c
b
+αfabc (∂µc¯a)V cµ c
b + βfabc (∂µη¯a)V cµ c
b (21)
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where we have already eliminated the auxiliary fields. Here α and β are some
combinations of the original coupling constants g1 and g2 but their exact ex-
pressions are not important for our purposes. On the other hand, c¯ and η¯ are
related to the previous anti-ghosts by the following definitions:
c¯ ≡ c¯1 + c¯2 (22)
η¯ ≡ c¯2 − c¯1 (23)
An important characteristic of Lagrangian (21) is that η¯ doesn’t have a
kinetic term and hence its equation of motion is only a constraint:
fabc∂µ
(
V cµ c
b
)
= 0 (24)
Interestingly, this is exactly the kind of constraint needed to implement the
Lorenz condition for a massive field transforming homogeneously under the sym-
metry group. Putting (24) back in the Lagrangian, we find:
LGF = − 1
2ξ
(
∂µGaµ
)2 − 1
2ξ
(
∂µV aµ
)2
+ c¯a∂µDabµ c
b (25)
So finally, we have the correct gauge fixing and ghost terms for our model.
The most important consequence of this procedure is that the second term of
(25) contributes to the propagator of Vµ. Indeed, we can write now the correct
propagator for the gluon and the coloron in the complete theory:
∆G =
−iδab
q2
(
gµν + (ξ − 1) q
µqν
q2
)
(26)
∆V =
−iδab
q2 −M2
(
gµν + (ξ + ξa− 1) q
µqν
(1− ξa)q2 − ξM2
)
(27)
4 Unitarity
4.1 Unitarity Constraints
Hitherto, we have constructed a general quantum gauge theory of the coloron
with operators of dimension four or less. It can be seen as a good starting point
for an effective theory and its main consequence is that the coupling of the
coloron to gluon may sensibly deviate from the general expectation. However,
we would like to recall that the aim of this work is to explore the construction
of a coloron theory which can be well behaved in the ultraviolet limit and,
eventually, renormalizable. In this sense, it is necessary to compel the theory
to preserve the perturbative unitarity of the S-matrix. For this purpose, we
compute the amplitudes for the processes VLVL → VLVL and GG → VLVL
(where G is the gluon and VL is the longitudinally polarized coloron) at tree-
level and we impose the condition that the terms which are divergent in the
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ultraviolet limit (s/M2 → ∞) vanish. In these calculations, we use a simplified
version of (10):
L = −1
2
Tr {GµνGµν} − Tr {DµVνDµV ν}+ (1 + a)Tr {DµVνDνV µ}
+a1Tr {(DµVν −DνVµ) [V µ, V ν ]}
+a2Tr {[Vµ, Vν ] [V µ, V ν ]} (28)
+a3Tr {Gµν [V µ, V ν ]}+M2Tr{VνV ν}
− 1
2ξ
(
∂µGaµ
)2 − 1
2ξ
(
∂µV aµ
)2
+ c¯a∂µDabµ c
b
This simplification is well motivated, however, because the terms in (10) con-
taining three and four V fields would give origin in the amplitude to terms pro-
portional to the dabc (the completely symmetric constants of the group) which
should cancel among themselves. The best way to assure this cancellation is
organizing the V self-interactions in terms of the commutators. The divergent
part of the amplitude for the VLVL → VLVL scattering can be written as:
M =
(
a2 + g
2 + a2
1
) (
t2 − 2tu− 2u2) (t+ u)2 itu
4s (M2 − s) (M2 − t) (M2 − u)M4 f
abef cde
+
(
a2 + g
2 + a21
) (
t2 + 4tu+ u2
)
(t+ u)
2
itu
4s (M2 − s) (M2 − t) (M2 − u)M4 f
acef bde
−
(
a2 + g
2
) (
t4 + 11t3u− 23t2u2 − 28tu3 − 2u4) (t+ u) i
4s (M2 − s) (M2 − t) (M2 − u)M2 f
abef cde
− 6i (t+ u)
2
ag2t2u
4s (M2 − s) (M2 − t) (M2 − u)M2 f
abef cde
−
(
t4 + 14t3u− 20t2u2 − 28tu3 − 2u4) a21 (t+ u) i
4s (M2 − s) (M2 − t) (M2 − u)M2 f
abef cde
−
(
t4 + 14t3u+ 40t2u2 + 14tu3 + u4
)
a21 (t+ u) i
4s (M2 − s) (M2 − t) (M2 − u)M2 f
acef bde
+
6i (t+ u)3 ag2tu
4s (M2 − s) (M2 − t) (M2 − u)M2 f
acef bde
−
(
a2 + g
2
) (
t4 + 17t3u+ 46t2u2 + 17tu3 + u4
)
(t+ u) i
4s (M2 − s) (M2 − t) (M2 − u)M2 f
acef bde
+O
(
M2
s
)
(29)
It can be easily seen that, in order to cancel the problematic terms, it is enough
to satisfy the following conditions:
a = 0 (30)
a1 = 0 (31)
a2 = −g2 (32)
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Indeed, with this election of parameters, the amplitude for the VLVL → VLVL
scattering completely vanishes. Surprisingly, the previous conditions avoid the
presence of the Stueckerberg term and forbid the coloron triple vertex.
In a similar way, imposing unitarity to theGG→ VLVL scattering amplitude,
we get an additional condition:
a3 = −g (33)
Consequently, taken into account the restrictions due to unitarity, the La-
grangian takes the simple form:
L = −1
2
Tr {GµνGµν} − Tr {DµVνDµV ν}+ Tr {DµVνDνV µ}
−g2Tr {[Vµ, Vν ] [V µ, V ν ]} (34)
−gT r {Gµν [V µ, V ν ]}+M2Tr{VνV ν}
− 1
2ξ
(
∂µGaµ
)2 − 1
2ξ
(
∂µV aµ
)2
+ c¯a∂µDabµ c
b
and the propagators are:
∆G =
−iδab
q2
(
gµν + (ξ − 1) q
µqν
q2
)
(35)
∆V =
−iδab
q2 −M2
(
gµν + (ξ − 1) q
µqν
q2 − ξM2
)
(36)
Notice that the coloron propagator is the same one we would have obtained
for a massive spin-one field in a gauge theory with spontaneous symmetry break-
ing.
4.2 Consequences of Unitarity
Interestingly, Lagrangian (34) posses a new Z2 symmetry under which V is odd
and G is even. This discrete symmetry makes the coloron to be stable. Hence,
an unexpected consequence of unitarity is that the coloron, conveniently dressed
by gluons, will form a new kind of stable hadron that can be a cold dark matter
candidate. Another implication of the Z2 symmetry is that this kind of coloron
cannot be resonantly produced at a collider. The easiest way to create it, is
pair production. Naturally, the produced colorons will hadronize producing two
jets. Because of the huge background for two jets at a hadron collider and the
absence of any distinctive kinematic structure, we expect that the observation
of this kind of colorons at the LHC would be very challenging.
In the “Two-Connections” picture, on the other hand, the Z2 symmetry
translates as a symmetry of the Lagrangian under the interchange of the two
connections (A1 ↔ A2). Imposing this symmetry to Lagrangian (14), we obtain
that the coupling constants must satisfy the condition g1 = g2 =
√
2g and the
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Lagrangian (including the gauge fixing and ghost sectors) takes the simple form:
L = −1
2
Tr [F1µνF
µν
1
]− 1
2
Tr [F2µνF
µν
2
] +
M2
2
Tr
[
(A1µ −A2µ)2
]
− 1
2ξ
(
∂µAa
1µ
)2 − 1
2ξ
(
∂µAa
2µ
)2
+
c¯a
2
∂µDab
1µc
b +
c¯a
2
∂µDab
2µc
b (37)
Obviously, Lagrangian (34) is automatically obtained from (37) after the diag-
onalization of the mass matrix.
5 Summary and Conclusions
Finally, we have arrived to our goal and now it is time to recapitulate our main
results. First, we studied the construction of a general local gauge theory for
the coloron (with operators of dimension up to 4). We saw that it is plagued of
undetermined coupling constants, but, nevertheless, this general theory can be
a good starting point for effective models. A direct consequence of this degree of
arbitrariness is that the expectation of the coloron interacting with gluon with
“typical QCD intensity” is not guaranteed. In part, this theoretical uncertainty
is due to the presence of the Stueckelberg term which, as fas as we know, has
not been considered before in the context of coloron phenomenology.
In a second step, we were able to construct a particular gauge theory for
the coloron which is BRST invariant, consistent with perturbative unitarity.
Surprisingly, this model produces propagators with acceptable ultraviolet be-
havior. Additionally, the conditions imposed by unitarity are protected by the
emergence of a discrete symmetry. For all these reasons and from the point of
view of power counting, we can expect that the theory should be renormalizable.
However, a formal proof must still be provided.
Of course, the method described here is not the only possible construction of
a coloron model which is consistent at the quantum level. In [23], for example
such a model is constructed by extending the QCD gauge group to SU(3) ×
SU(3). In principle, one could expect the obvious difference in the chosen gauge
groups should imply different structures at the quantum level. For example, in
[23], it is necessary to introduce two ghost fields, one of which becomes massive
due to the symmetry breaking process, in order to fix all the gauges present in
the model. In our case, on the other hand, only one ghost field remains because
the physical coloron is not treated as a true gauge field. Beside that, in [23], it
is necessary to introduce scalar fields (the would-be Goldstone bosons) in the
symmetry breaking process. Of course, in our approach, they are completely
absent. Nevertheless, those differences are only apparent since our model can
be obtained from the SU(3)×SU(3) one if an interchange symmetry is imposed
between the two groups and if the broken symmetry is non-linearly realized in
the unitary gauge (see equation (37)). Since the usual methodology based on
two groups is more general, the construction presented in this paper should be
viewed as a bottom-up approach which explore the minimal conditions needed
for obtaining a consistent coloron theory.
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The model developed here may be phenomenologically challenging because
the observation of and stable coloron at the LHC seems to be difficult.
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